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ABSTRACT
THE RELATIONSHIP BETWEEN LEXICAL PERFORMANCE AND REGIONAL GRAY MATTER
VOLUMES: A LONGITUDINAL STUDY OF COGNITIVELY HEALTHY ELDERLY
by
JUNGMOON HYUN

Advisor: Loraine Obler
This study investigated the longitudinal relationship among aging, performance on
lexical tasks, and regional gray matter volumes over 2-7 years. A total of 137 older participants
who remained cognitively normal were administered four lexical tasks at each time point: the
Boston Naming Test (BNT), Vocabulary Test, Semantic- and Phonemic-Fluency task. In addition,
they underwent repeated magnetic resonance imaging (MRI) scanning acquired within two
months of the lexical tasks. The average interval between time points was 2.36 years (range
1.50-7.64) and the average number of time points was 2.65 times (range 2-5).
Results indicated that age differentially affects lexical task performance in two ways.
First, baseline age was significantly negatively related to the scores on the BNT and Semantic
Fluency task but not related to the Vocabulary test and Phonemic Fluency task. Second, the
interval between the baseline and follow-ups was significantly related to the performance on
the BNT, Vocabulary test and Semantic Fluency task. The longer the interval between the
observations, the lower the scores on these tasks. This shows that as people get older, general
lexical production ability within participants declines. Moreover, the rate of change in
performance over time varies across tasks.
iv

Older participants tended to score lower at each successive time point and the rate of
decline was greater on the tasks that impose more constraints on semantic and phonemic
specificity than the tasks that demand less specificity in lexical selection. Thus, the BNT and
Semantic Fluency tasks are more sensitive to age-related lexical performance changes in
cognitively normal older adults than are Phonemic Fluency tasks or Vocabulary Test. Further,
the interval effect clearly shows that as time progresses older adults’ lexical production abilities
decline on all tasks except in the Phonemic Fluency.
Regarding the relationship between regional brain volumes and lexical performance
over time, common and specific association patterns were found. Individual brain regions
whose volume reduction predicted lexical performance decline were found in the bilateral
temporal, parietal and frontal cortices. More specifically, the volumes of the medial temporal
lobes (MTL) were significantly related to performance on all four lexical task, while other brain
regions showed distinctive association patterns with individual tasks; the frontal pole was
related to accuracy on the BNT; the temporal pole, supramarginal gyrus, superior frontal and
superior parietal cortices to the scores on the Vocabulary Test; the dorsolateral prefrontal and
precuneus to the scores on the Semantic Fluency task; the fusiform gyrus, inferior frontal,
superior parietal, superior and inferior temporal cortices to the scores on the Phonemic Fluency
task. When these significant regions were jointly analyzed, significant task-related clusters
emerged for the BNT and Vocabulary test. For the BNT performance, the bilateral MTL and left
frontal pole were crucial; for the Vocabulary test, while the left superior temporal cortex and
bilateral MTL were important.

v

These results provide evidence that both common (shared across lexical tasks) and
distinct regional volume reduction in the left and right hemispheres are associated with
performance changes over time on different lexical tasks in cognitively healthy elderly
individuals. Beyond the classic language areas determined from aphasiology, far more
distributed regions, such as MTL, should be included as part of the lexical network for people
experiencing a gradual aging process without prominent brain damage. A combination of
common and specific brain regions contribute to maintenance and decline of lexical retrieval
and semantic/phonemic processing.
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THE RELATIONSHIP BETWEEN LANGUAGE PERFORMANCE AND REGIONAL BRAIN VOLUMES: A
LONGITUDINAL STUDY IN COGNTIVELY HEALTHY ELDERLY

1. Introduction
As people age, general knowledge and wisdom may continue to grow, but some
cognitive functions including language decline (e.g., Conner et al., 2011; Connor, Spiro, Obler, &
Albert, 2004; Goral, Spiro, Albert, Obler, & Connor, 2007; James & Burke, 2000; MacKay,
Connor, Albert, & Obler, 2002; MacKay & James, 2004). Further, advancing age is related to
morphological brain changes in that global and regional brain volumes decline, even in healthy
older adults who display normal aging patterns without dementia (e.g., Good, et al., 2001; Raz
et al., 2005; Resnick, Pham, Kraut, Zonderman, & Davatzikos, 2003; Scahill et al., 2003; Taki et
al., 2011). Despite this commonly observed age-related co-existence of changes in cognitive
function and brain structures, associations between these two components have been largely
neglected in healthy elderly individuals.
Over the past two decades, advanced neuroimaging techniques have allowed
researchers to investigate brain morphology by employing progressively more precise
quantitative estimation through the use of magnetic resonance imaging (MRI). Today, indices of
structural MRI are used as biomarkers for evaluating neurodegenerative diseases. For this
purpose, a large number of volumetric MRI studies has been conducted to identify the global
and regional brain volume changes in patients with dementia and mild cognitive impairment
(MCI). However, morphological brain changes associated with cognitively normal aging in older
adults have scarcely been examined. Such associations are required to accurately differentiate
1

people with normal aging from patients with neurodegenerative diseases (e.g., mild or major
neurocognitive disorders, dementias).
Studies of normally aging individuals and patients with neurodegenerative diseases have
investigated the association between gray matter volume in specific brain regions and certain
cognitive functions, such as volumes of hippocampal or entorhinal cortex and memory (e.g., de
Leon et al., 1995, 1996, 1997; Golomb et al., 1993, 1994; Rodrigue, Daugherty, Haacke, & Raz,
2013; Rodrigue & Raz, 2004), or volume of prefrontal cortex and executive functions (e.g.,
Gunning-Dixon & Raz, 2003; Kramer et al., 2007; Zimmerman et al., 2006). These studies have
regularly reported that the regional gray matter volume can predict performance on certain
cognitive functions. Nevertheless, little is known about the relationship between regional brain
volumes and language functions in healthy older adults.
In contrast to dementia, changes in brain volume and cognition are slow and gradual in
normal aging. One of the earliest symptoms people report during cognitive decline in aging is
word finding difficulties. Thus, detection and tracking the progression of the preclinical stage
of dementia might benefit by observing the longitudinal volume loss in the language areas of
the brain that have been implicated in lexical retrieval, and this information might be used as
an index of the likelihood that a person may decline to dementia or remain among the normal
elderly. Hence, there is a clear-cut need for further investigation of brain involvement of
language performance changes in healthy aging.

2

1.1 Brain and Language in Aging
The classic models of language based on data from patients with aphasia suggested
involvement of the peri-sylvian areas in the left hemisphere among right-handers (e.g.,
Geschwind, 1971; Lichtheim, 1885). This link between language and brain regions has been
examined by functional imaging studies with healthy young adults, generally in their 20s to 40s
(e.g., Niskanen et al., 2012; Ramsey et al., 2001; Rutten, Ramsey, van Rijen, & van Veelen,
2002). However, results extrapolated from younger adults do not provide an adequate
estimation of brain involvement in the aging brain.
Indeed, functional imaging studies often report different brain engagement patterns
between younger and older adults (e.g., Bäckman et al., 1997; Grady, 2008; Grady, St-Laurent,
Burianová, 2014; Li, Lindenberger, & Sikstrom, 2001; Rajah & DʼEsposito, 2005). Unlike young
adults who show relatively specialized distribution of brain activation for each task, older adults
as a group often engage broader regions with less distinctive brain patterns across tasks. This
pattern has been observed within hemispheres and/or across hemispheres, challenging the
traditional concept of a “dominant hemisphere” for different processes (e.g., the left
hemisphere plays a dominant role for language processing and the right hemisphere for spatial
processing). For example, Meinzer and his colleagues (2009) tested younger and older adults
on phonemic and semantic fluency tasks. In a semantic fluency task, the older adults recruited
much broader areas of activation in both left and right hemispheres than younger adults.
Further, while the younger adult group showed distinctive recruitment patterns between the
phonemic and the semantic fluency task, older adults showed similar recruitment patterns for
the two tasks.
3

The interpretation of these findings has been controversial, and several hypotheses have
been proposed. The Hemispheric Asymmetry Reduction in Old Adults (HAROLD) model
suggests that to compensate for the decline of brain function, older adults employ both
hemispheres on tasks for which younger adults require only one hemisphere (Cabeza, 2002;
Cabeza et al., 1997, 2002). Similar to HAROLD’s compensation view, but with further stress on
continuous brain changes and reorganization, the Scaffolding Theory of Aging and Cognition
(STAC) states that when the brain networks do not function efficiently due to aging, the aging
brain employs additional neural circuits called “scaffolds” to maintain cognitive performance.
Thus, increased activity observed in the aging brain should be interpreted as an adaption
mechanism that shows “compensatory scaffolding” in response to the structural and functional
decline (Park & Reuter-Lorenz, 2009; Reuter-Lorenz, & Park, 2014). In line with these
hypotheses, some researchers have found that greater bilateral brain activation is related to
higher performance in older adults on a variety of cognitive measures (e.g., Daselaar, Veltman,
Rombouts, Raaijmakers, & Jonker, 2003; Reuter-Lorenz et al., 2000; Rosen et al., 2002)
including some language measures (e.g., Persson et al., 2004; Reuter-Lorenz et al., 2000;
Wierenga et al., 2008; Wilson et al., 2009).
The dedifferentiation view (Li, Lindenberger, & Sikstrom, 2001), on the other hand,
argues that the aging brain loses neuronal specificity for each cognitive domain. As a result,
localization of brain involvement becomes less precise and more generalized. Age-related
bilateral involvement, thus, may reflect older adults’ decreased ability to recruit specialized
neural processes, rather than acting as a compensation mechanism to enhance performance
(e.g., Goh, 2011; Logan et al., 2002; Steffener, Barulli, Habeck, & Stern, 2014).
4

There is not enough evidence to support a single hypothesis to fully explain the various
findings on different brain engagement patterns between younger and older adults.
Furthermore, not all studies found such differences or reduced specificity of brain involvement
in old adults. Some studies found similar brain patterns for younger and older adults for the
same task (e.g., Rotte, 2005). Most studies to date have focused on the structural and
functional differences between younger and older adults; however, comparison of brain
association patterns across similar tasks within older adults has not yet been extensively tested.
Thus, it is not clear whether healthy older adults would exhibit similar or distinctive brain
patterns across several lexical tasks.
In sum, it appears that older adults’ brains may show association patterns that are
different from those of younger adults for each language task, and it is possible that older
adults’ brain involvement patterns are more similar across language tasks than those evidenced
in younger adults. Thus, in a study of language in aging adults, it is important to examine more
than one language task to compare how older adults utilize distinct or general brain regions for
each language task.
Recently, researchers employing functional imaging techniques have attempted to
elucidate the differences between young adult brains and those of older adults. Evidence from
functional imaging studies, however, generally does not take into account morphological brain
changes. The human brain is not functionally and morphologically uniform, and age-related
changes affect brain functions and structures differentially. Specifically, different parts of the
brain atrophy at different rates (e.g., Raz et al., 1997; Resnick et al., 2003; Scahill et al., 2003).
Studies with healthy elderly individuals reported an annual decline of 0.4-1.0% of volume in
5

most areas of the brain, with a more salient decline in the prefrontal, parietal and temporal
lobes (e.g., Driscoll et al., 2009; Fjell et al., 2009; Fjell & Walhovd, 2010; Ge et al., 2002; Good et
al., 2001; Ohnishi, 2001; Raz et al., 2005, 2013), and no significant changes in visual cortex (Raz
2000, Raz et al. 2004; but see Salat et al. (2004) who reported significant atrophy in the visual
cortex (calcarine cortex)). Compared to normal elderly adults, patients with Alzheimer’s
Disease exhibit more severe atrophy in the regions of the temporal lobes, i.e., hippocampal
formation, entorhinal cortex and temporal pole (e.g., De Santi et al., 2001; Double et al., 1996;
Ezekiel et al., 2004; Raji et al., 2009; Rusinek et al., 2003; Wang et al., 2002). These
morphological changes are believed to contribute to the functional changes of multiple
cognitive abilities, memory, language, executive functions, and others (e.g., Rodrigue &
Kennedy, 2011). Thus, it is crucial to investigate the relation between structural brain volume
and language performance as they may interact with age-related changes in functional brainrecruitment patterns. Furthermore, although there are studies that assess the impact of aging
on language performance longitudinally (e.g., Au et al., 1995; Barresi, Nicholas, Connor, Obler,
& Albert, 2000) or on brain structures (e.g., Giorgio et al., 2010; Resnick et al., 2003), only a
limited number of studies have been conducted to elucidate the relation between brain and
language function over time with repeated observation on the same individuals (e.g., Cardebat
et al., 2003; Meltzer et al., 2009). To address one of the gaps, the present study employs a
longitudinal design to evaluate which brain regions exhibit volume reductions associated with
specific lexical-performance changes over the course of aging.

6

1.2 Language Tasks
1.2.1 Introduction
Among the small number of studies that have reported a relationship between language
and brain morphology, most have employed only a single language task, or aggregated the
scores from several language tasks, interpreting the results as a single measure of “language”
function (e.g., Wen et al., 2011; Chee et al., 2009). As a result, the methods used do not allow
an evaluation of how aging brain regions are differentially engaged in individual language tasks.
Even though an aging brain may exhibit less distinctive task-association patterns than those
seen in younger adults’ brains, some studies have in fact shown distinct task-related patterns in
older adults. For example, Obler and colleagues found different brain-area involvement
patterns between noun and verb naming tasks (Obler et al., 2010) within older adults.
Cardenas et al., (2009) also reported larger lateral temporal volumes associated with better
performance on naming tasks but not with verbal-fluency tasks in older adults.
For research and clinical purposes, the most commonly used lexicon-related assessments
with healthy or clinical populations are the ones employed for the current study: naming tests,
verbal-fluency tasks, and vocabulary tests. These assessments are all related to knowledge of
the lexicon and verbal retrieval ability, but each test relies on somewhat different cognitive
processes and shows a different trajectory of decline with age. Thus, comparison of brain
association patterns with these tasks will increase our understanding of aging brain.
1.2.2 Boston Naming Test
The Boston Naming Test (BNT, Kaplan, Goodglass, & Weintraub, 1983), one of the most
commonly administered object naming tests for adults, measures a person’s word retrieval
7

ability. Performance on this task generally reveals a negative correlation with advancing age in
adulthood (e.g., Au et al., 1995; MacKay, Connor, Albert, & Obler, 2002), although some studies
have failed to find a clear age-related difference between young and old individuals (e.g.,
Beland & Lecours, 1990; Flicker et al. 1987; Goulet, Ska, & Kahn, 1994). Among the studies that
have reported a decline in naming ability with aging, it remains controversial as to when this
ability begins to decline. Some studies reported an accuracy decline from as early as the 50's
(Au, Obler, Joung & Albert, 1990; Connor et al., 2004; Nicholas, Connor, Obler & Albert, 1998)
or from the 60’s (Verhaegen & Poncelet, 2013), with a further, steeper decline in the 70's (Au et
al., 1995; MacKay, Connor, Albert, & Obler, 2002). Others have reported a significant decline
only after age 70 (e.g., Feyereisen, 1997).
Related to brain involvement, traditionally lexical retrieval has been associated with
perisylvian regions, especially Broca’s area (inferior frontal), Wernicke’s area (superior
temporal) and the region that connects these two areas (inferior parietal) in the left
hemisphere. Obler et al. (2010) reported the link of these areas among older adults (mean age
68) along with additional areas including the left middle frontal gyrus for both object naming
(BNT) and action naming (ANT); and the right middle temporal gyrus for action naming. Baldo,
Arévalo, Patterson, and Dronkers (2013) also used the BNT with left hemisphere damage
patients (whose mean age was 60) and found that lesions in the middle to posterior portion of
the middle temporal gyrus (lateral and medial areas) in the left hemisphere were associated
with a deficit of lexical-semantic retrieval in BNT.
The BNT task is generally employed to measure word retrieval ability, and it is also
known as a semantic memory task. Semantic memory broadly refers to long-term memory for
8

general knowledge about word, concepts, facts, names and objects. Traditionally, it has been
distinguished from episodic memory that refers to the long-term memory for specific personal
experiences (Tulving, 1972). For example, by definition, the knowledge of the name of the
capital city of Canada would be considered part of semantic memory. On the other hand, the
knowledge of personal experiences in which this information was acquired would be
considered part of episodic memory. However, there has been an ongoing debate over how
much these two memory systems are independent from each other. Studies have continuously
reported converging evidence supporting semantic memory being entangled in personal
experiences and each type of memory can affect other both in their encoding and retrieval
stages (e.g., Greenberg, & Verfaellie, 2010; Westmacott, Black, Freedman, & Moscovitch,
2004). Regarding the underlying brain mechanisms, there is converging evidence supporting
that distributed brain regions are involved in the semantic system, including medial temporal
lobes (e.g., Binder, Desai, Graves, & Conant, 2009; Cipolotti et al., 2001; Martin, 2007; Squire &
Zola, 1998).
1.2.3 Vocabulary Tests
In vocabulary tests, participants are required to define words that the examiner presents.
Scores are calculated based on accuracy and amount of information provided, and often used
as a sub-index score of intelligence (e.g., WAIS) by some neuropsychologists as they are
considered to be a measure of general cognitive ability, or crystallized intelligence (Wechsler,
2011). Vocabulary has been found to improve with advancing age and is generally well
maintained at least until adults reach their 70s (e.g., Ardila, 2007; Goral et al., 2007;
Verhaeghen, 2003).
9

As to brain areas involved in this task, studies indicate a correlation with the frontal lobes
(e.g., Colom, Jung, & Haier, 2009), bilateral inferior parietal lobes (e.g., Lee et al., 2007), left
posterior superior temporal sulcus, and left posterior temporal regions (e.g., Richardson,
Thomas, Filippi, Harth, & Price, 2010), or total gray matter cortical volume (e.g., Colom, Jung, &
Haier, 2009; Raz et al., 1993). In Colom, Jung, and Haier’s (2006) study, the vocabulary score
was correlated with all individual lobes as well. These findings suggested that vocabulary tests
are involved with multiple regions distributed throughout the brain rather than focused regions
(Colom et al., 2009).
1.2.4 Verbal Fluency Tasks
There are two types of verbal-fluency tasks: semantic fluency (also known as categorical
fluency) and phonemic fluency (also known as a letter fluency or COWAT, Controlled Oral Word
Association Test). In the semantic fluency tasks, participants are asked to produce words from a
specific semantic category (e.g., animal names or supermarket items). In the phonemic fluency
tasks, participants are asked to produce words that begin with a given letter, such as F, A, or S.
Usually one minute is given for each semantic and phonemic category. These tasks evaluate an
individual’s ability to retrieve lexical items from semantic memory (as with the semantic fluency
task) or phonological memory (the phonemic fluency) as well as flexibility, working memory,
maintenance of attention, and strategic use of cognitive functions. Such tasks have been used
as indices of both language and executive control abilities.
Studies have shown that semantic fluency declines with aging (e.g., Clark et al., 2009;
Pekkala, Goral, Hyun, Obler, & Albert, 2007), whereas a small or absent aging effect is seen in
phonemic fluency tasks (e.g., Axelrod & Henry, 1992; Bolla et al., 1990; Boone et al, 1990;
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Parkin et al., 1995; Ruff et al., 1996; Selnes et al., 1991). Some studies have found a significant
decline only after 80 years of age (e.g., Benton, Eslinger, & Damasio, 1981; Goral et al., 2007).
Among neuroimaging studies, some studies have tested left hemispheric damage
patients only (e.g., Baldo, Schwartz, Wilkins, & Dronkers, 2006), and found left hemispheric
involvement; others tested normal adults with variety age ranges and found bilateral (e.g.,
Gourovitch et al., 2000; Zhang et al., 2013) or more left-lateralized involvement (e.g., Birn et al.,
2010) with fluency tasks. Regarding the specific brain regions, - some studies have reported
that performance on semantic fluency and phonemic fluency tasks primarily correlates with
areas in temporal lobe, and frontal lobe respectively (e.g., Baldo et al., 2006; Gourovitch et al.,
2000; Henry & Crawford, 2004; Mummery et al., 1996). Other studies have reported that both
frontal and temporal lobes are considered to play an important role in these tasks (e.g., Birn et
al., 2010; Martin, Loring, Meador, & Lee, 1990; Nagels et al., 2012; Robinson, Shallice, Bozzali, &
Cipolotti, 2012; Schlösser et al., 1998) in both younger and older adult groups. The
neuroimaging literature on aging has reported that compared with younger adults, older adults
showed reduced left lateralization due to lower activation of left inferior frontal gyrus (e.g.,
Heinzel et al, 2013; Herrmann et al., 2006) in the phonemic fluency task or additional right
frontal lobe activation in the semantic fluency task (e.g., Meinzer et al., 2009).
In sum, confrontation naming, verbal-fluency and vocabulary tasks require common
lexically-related language abilities, but each task is also associated with different cognitive
processes and each task may show different patterns of decline with advancing age. Thus,
somewhat different brain involvement patterns are expected for different language tasks.
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1.3 Involvement of Other Cognitive Functions with Language
Researchers have reported that memory and executive functions are important
contributors to language performance (e. g., Burke, & Light, 1981; Ye & Zhou, 2009). It has been
argued that older adults who can utilize good memory, attention, inhibition, and set-shifting
abilities more efficiently will therefore compensate for their decline in language performance
(Constantinidou, Christodoulou, & Prokopiou, 2012; Goral et al., 2011). The relationships
between language and other cognitive domains have been investigated in typically developing
children (e.g., Christopher et al., 2012; Denckla, 1996; Jacques & Zelazo, 2001; Kirkham et al.,
2003; McClelland et al., 2007; Wilbourn, Kurtz, & Kalia, 2012), disordered populations (e.g.,
Bishop & Norbury, 2005; Im-Bolter, Johnson, & Pascual-Leone, 2006; Stiles, McGregor, &
Bentler, 2012; Wittke, Spaulding, & Schechtman, 2012) and recently in normal aging individuals
(e.g., Goh, An, & Resnick, 2012; Goral et al., 2011; Salthouse, 2011), however, the brain
mechanisms underlying these relationships are not clear.
If we consider that any language test involves multiple cognitive processes, it is not
difficult to speculate that brain involvement patterns in each language test would reflect this
complex process. For example, a naming test generally requires good visual perception,
searching through the mental lexicon, inhibiting inappropriate targets while accessing semantic
memory, phonological encoding, and sustained attention. Naming performance can be affected
by one of the processes and/or by one of the brain mechanisms that subserve that process.
Especially, retrieval of lexicon or information about the lexicon is highly reliant on semantic
memory. Semantic memory task performance has been related to the volume or damage of
temporal lobes, more specifically regions in the medial temporal lobes (e.g., Douville et al.,
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2005; Greenberg, & Verfaellie, 2010; Hirni, Kivisaari, Monsch & Taylor, 2013; Protzner &
McAndrews; 2011), therefore, it is expected that these regions will play an important role for
language tasks.
Based on this interaction between lexical abilities and cognitive functions, this study will
explore how each language task is associated with the brain regions that are not only related to
lexicon (i.e. traditional language areas), but are also related to each cognitive process (memory,
executive functions, crystalized intelligence) required for the task. For example, since the BNT
is known to be a measure of semantic memory, the brain regions that have been reported to
subserve memory processing (e.g., regions in the medial temporal lobes, e.g., hippocampi and
entorhinal cortices) may be related to the lexical performance changes associated with healthy
aging. In contrast, the Verbal Fluency tasks, known in neuropsychology as an executive function
test (that is highly related to frontal lobe function) may show linkage to the frontal lobes, and
the Vocabulary Test, known as a sub-index of verbal intelligence, may be associated with total
brain volume and diffuse areas in brain.
However, as the results from the previous studies have indicated, if older adults’ brains
lose locational specificity for the involvement of brain in language and other cognitive
processes, we would not observe such distinctive patterns among brain regions involved in the
four language tests. Rather there would be very overlapping and non-specific association
patterns that predict performance on the different lexical tasks in aging.
The first goal of this study is to examine unresolved issues concerning age-related
changes in lexical performance that have not been fully investigated with a longitudinal design.
The relationship between age and the accuracy of each test will be examined over time to
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investigate the presence or absence of an aging effect. This result will reveal whether older
adults exhibit uniform or differential patterns of change on their lexical performance across
tasks. Furthermore, the results will show which lexical task is more sensitive to performance
decline that occurs with normal aging.
The second goal is to identify specific brain regions that exhibit a correlation between
their volume reduction and performance change on each of the four most-used lexical tasks for
older adults. These results will expand our understanding of lexicon-related brain regions in
normal aging beyond the classical language areas that were highly influenced by historical
lesion studies. Furthermore, it will provide the unique opportunity to observe whether brain
association patterns are general or distinctive across four tasks.
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2. Method
2.1 Participants
The study group was composed of 137 community-dwelling healthy elderly adults
selected from the longitudinal brain-aging study at the NYU School of Medicine, Center for
Brain Health (PI: Mony de Leon). The inclusion criteria were as follows: age over 64 at the first
visit (baseline), right-handed, and cognitively healthy participants who underwent at least two
diagnostic evaluations (range 2-5 times) and retained the clinical diagnosis of normal (Clinical
Dementia Rating [CDR] of 0) at each evaluation (i.e., without showing Major and Mild
Neurocognitive Disorder), and absence of gross brain abnormalities. Medical-, neurological-,
psychiatric-, cognitive-, language-, laboratory-examinations, and MRI scans were obtained at
each visit. The Mini Mental Status Exam (MMSE) score of the participants was more than 26
(total score is 30) at each visit. Non-native English speakers were not included, because their
language performance may differ from that of native speakers.
No participants had a history of significant learning disabilities, speech-language or
hearing disorders, neurological conditions that might affect brain structure or function (e.g.,
stroke, head trauma, or other neurodegenerative disease) (For more information about the
diagnostic procedure, see de Leon et al., 2001; De Santi et al., 2008; Glodzik-Sobanska et al.,
2007; Mosconi et al., 2008; Rusinek et al., 2003). Table 1 presents general participant
information and Table 2 shows participant information for each visit.
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Table 1. Participant information
Mean (SD)
Total number of participants

137

Age at the first visit

71.31 (± 5.27) years (range 65-89)

Baseline Education level at the first visit

16.66 (2.49) years (range 8-21)

Gender at the first visit

84 Female (61.3%) & 53 Male (38.7%)

MMSE at the first visit

29.28 (±1.0) (range 26-30)

Interval between visits

2.36 (±2.65) years (range 1.50-7.64)

Total number of visits

2.65 times (range 2-5)

The average period from the first visit (baseline
evaluation) to the last visit

16

4.29 (±2.38) years (range 1.50 -12.33).

Table 2. Participant information for each visit

Number of

Average Years of

Average Years of

Age (SD)

Education (SD)

Range

Range

71.31 (5.27)

16.66 (2.49)

Average Interval from
the First Visit (SD) in
Years

Participants

First visit

Second visit

Third visit

Fourth visit

Fifth visit

137

Range

-65.00- 89.90

8-21

73.86 (5.37)

16.66 (2.49)

2.56 (1.11)

66.70-92.33

8-21

0.75 - 7.64

76.00 (4.41)

16.44 (2.44)

4.84 (1.58)

69.31-87.80

10-20

2.57 – 10.23

76.98 (4.05)

16.52 (2.29)

7.09 (1.81)

71.87-84.36

10-18

4.69- 11.67

80.93 (4.09)

16.75 (2.12)

9.42 (1.67)

76.30-85.78

12-18

7.05 – 12.33

137

60

21

8
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2.2 Language Tasks
Four language tasks were studied: the modified Boston Naming Test (BNT), the WAIS
Vocabulary Test and two Verbal-Fluency tasks (Semantic and Phonemic). All tasks were
conducted as off-line tasks, and administered and scored by trained researcher assistants.
Accuracy scores for each task were used for the statistical analysis.
In this study, a modified BNT that had 20 items across the frequency continuum in the
test (i.e., including high frequency and low frequency items) was administered. The BNT
requires the participant to produce the names of visually presented black and white line
drawings of objects. Semantic cues and then phonemic cues were given if the participant was
unable to produce the target word spontaneously. In this study, three points were given to the
correct response without semantic or phonemic cueing, two points for correct responses after
a semantic cue, and one point after a phonemic cue.
In the Verbal-Fluency tasks, one minute was given to each Semantic category and
Phonemic category. For the Semantic Fluency, participants generated male names and
footwear names. Generally people produced more words in the category of male names than
the names of footwear, the category of male names was defined as the easy condition, and the
category of footwear names as the difficult condition in this study. For the statistical analyses,
the number of correct responses produced for male names and footwear names were
combined and used for the Semantic Fluency accuracy score. As well, each condition (male
names and footwear names) was analyzed separately.
For the Phonemic Fluency, participants were asked to produce words that begin with the
letters F, A, and S. Each correct response scored one point and the number of correct responses
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for each of the three letter conditions was summed to obtain the total phonemic fluency score
for the statistical analysis.
The Vocabulary Test (subtest of the Wechsler Adult Intelligence Scale, WAIS III, 1997)
consists of 40 words. The examiner asked what the vocabulary items meant (e.g., “What does
______ mean?”), and the participant was required to define the word. The test begins with
easy words (e.g., bed, winter) and moves to difficult ones (e.g. travesty, impale). The test
continued until the participants failed to define six words consecutively, or until the last item
was given. As per standard WAIS scoring, one or two points were given for each acceptable
definition, based on its accuracy and amount of information. No points were given for
inaccurate responses.
2.3 Brain Imaging
For the baseline and follow-up images, T1 weighted brain MRI scans (slice thickness=
1.5mm, FOV=25cm, NEX=1, matrix=256×192, TR=35ms, TE=9ms, FA=60°, no inter-slice gaps)
were obtained using a 1.5 Tesla, GE Signa imager (General Electric, Milwaukee, USA). All images
were collected within two months after the language and neuropsychological tests in order to
ensure there is a temporal correspondence between brain scan times and tests times.
To obtain brain volumes, the MRI scans were processed using an automated longitudinal
analysis procedure (Reuter et al., 2012) in the FreeSurfer image analysis suite (http://
surfer.nmr.mgh.harvard.edu, version 4.5). Several processing steps, such as motion correction,
removal of non-brain tissue, Talairach transformation, atlas registration, intensity
normalization, creation of spherical surface maps, and parcellations were performed with the
within-subject template to increase reliability of analyses (Reuter et al., 2012). This surface19

based image processing technology has been demonstrated to have reliable accuracy and
validity across scanner manufacturers and across field strengths (Fischl, et al., 2002; Han et al.,
2006; Kuperberg et al., 2003; Liem et al., 2015; Rosas et al., 2002; Salat, et al., 2004) and has
been used in the study of normal aging brains (Chee et al., 2009; Fjell et al., 2005; Voevodskaya
et al., 2014).
To control for the variability of individuals’ brain size, volumes of regions of interest were
divided by individuals’ total intracranial volume (ICV) that was automatically derived from
FreeSurfer by estimating the intracranial volume based on the Talairach transform. Maximum
ICV, generally considered the indicator of maximum brain volume (total space inside the skull),
is achieved in the 20s and then remains stable throughout the lifespan. Using the ICV to
normalize the volumes of regions of interest is useful for controlling for individual head size
variation (e.g., Buckner et al. 2004; Whitwell, Crum, Watt & Fox, 2001) although there is a
controversy surrounding the best method to normalize regional brain volumes (e.g., Hansen et
al., 2015; Voevodskaya et al., 2014).
To analyze the gray matter volumes of the regions of interest (ROI), FreeSurfer-defined
anatomical ROIs including ICV were used based on the Desikan-Killiany atlas and Destrieux altas
(Desikan et al., 2006; Destrieux, Fischl, Dale, & Halgren, 2010). About 10% scans were manually
corrected following FreeSurfer correction procedure in the pre-processing operations because
they failed automatic processing. Twenty-three ROIs that have been related to the performance
of language, memory and executive functions were selected (see Appendix).
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2.4 Statistical Analysis
Considering the unequal number of follow-up tests across individuals and interval
variations in time to follow-ups, univariate regression analyses were performed to assess the
relationship of lexical task scores with baseline age, elapsed time from baseline and normalized
regional brain volumes. Specifically, the analysis for each lexical task used the vector of all
scores from all participants at all available test times as the dependent variable. A major
strength of this univariate approach is the ability to model all of the available data without
imputation irrespective of within and between participant variation in the number and spacing
of evaluations or missing data at one or more time points. As a result, a univariate analysis of
longitudinal data typically has better statistical power than traditional multivariate repeated
measures analyses.
This study involves data from multiple time points for each participant and
measurements from the same participant cannot be assumed to be uncorrelated. In order to
account for the lack of statistical independence among the multiple dependent variable
observations from a single participant, mixed effects regression models were used. An
anonymized participant ID was incorporated into each analysis as a random classification factor
thereby defining the overall covariance matrix to be block-diagonal with each block
representing the covariance matrix for the measures from a single participant. A compound
symmetry structure was employed for the blocks within the overall covariance matrix because
elapsed time was included in the model and it was assumed that removing the linear effect of
time removed the serial correlation. All statistical tests were conducted at the two-sided 5%
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significance level using the PROC MIXED procedure in the SAS statistical software package
(version 9.3; SAS Institute Inc., Cary, NC).
Except for gender, all variables are continuous variables. The level of education is a
continuous numerical variable that shows how many years of education participants
completed. The first time the lexical tasks were administered was baseline, and “age” was
represented as the baseline age. The variable representing time in each longitudinal analysis
(hereafter referred to as “interval”) was derived for each participant by setting the baseline
(time for the first lexical test) at 0, and calculating the number of years from the baseline to
each subsequent time that the lexical tasks were administered. The number of correct answers
was used for the accuracy of the lexical tests. Normalized by ICV and standardized brain
volumes were used for total and regional brain volumes.
In all statistical analysis, the regression coefficient (unstandardized) and the direction of
effect (positive or negative sign of coefficient estimates) were examined. To assess the
statistical significance of factors in a multivariable model, the Type 3 p-values were used
because they assesses the effect of each factor adjusted for all other factors included in the
model. Therefore, the analyses tested the effect of brain volume changes on test accuracy
adjusted for potential confounding factors. In particular, the association of temporal change in
performance on the lexical tasks with brain volume was adjusted for both baseline age and
interval. This is important since brain volumes and cognitive performance are both known to
decline with age even in cognitively healthy individuals. As a result, changes in performance and
brain atrophy are inherently correlated due to the mutual influence of aging. Adjusting the
association between performance decline and brain atrophy for age and interval accounts for
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this mutual dependence. As a result, a significant effect for brain volume adjusted for interval
and the cofactors implies that variation in the rate of decline in cognitive performance among
subjects with the same baseline age and level of education is partially explained by differences
in the rate of brain atrophy.
The analysis of the relationship between age-related factors and lexical task performance
was conducted using a two-stage hierarchical linear regression. The accuracy of each lexical test
in all available time points was the outcome variable. In the first stage, baseline age was
included as a predictor to assess the age effect adjusted for gender and education. In the
second stage to assess the intra-subject effect of aging, interval was added as a predictor and
its effect was adjusted for baseline age, education and gender.
To investigate the brain regions that are significantly linked to each language task, a twostep hierarchical linear regression was used to construct a model to predict the accuracy on
each language task at all time points. The time point when the lexical tests conducted was used
to represent the time associated with each scan-test pair. In the first step analysis, baseline age,
education, gender, and interval were entered into the model as covariates, and normalized
regional brain volumes were added into the model one by one. That is, a series of models were
fit with each model consisting of the covariates and exactly one regional brain volume in order
to identify the specific regional volumes that predict outcome on a specific lexical task adjusted
for (i.e., independent of) the covariates. The individual regions identified as significantly related
to outcome as well as those approaching significance (.05 < p < .1) were used as candidate
predictors for the second step analysis. Extending the candidate predictors to include regions
approaching significance can be particularly useful because multiple brain regions may be
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predictive of a given lexical task when considered in combination even when none of the
regions in the combination are significant as individual predictors. In the second step,
combinations of candidate brain regions were used as predictors. The predicted outcome and
covariates remained the same, and forward variable selection was used. This method is to
identify a set of brain region volumes that were significant and independent predictors of
outcome. Considering that the volume of a brain region might be correlated with the volume of
neighboring regions or the homologous region of the opposite hemisphere, combining brain
regions is useful to assess independent contribution to prediction of outcome. To compare the
overall fit of the models of the second step analysis, the AIC (Akaike’s Information Criterion)
and BIC (The Bayesian Information Criterion) measures were considered.
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3. Results
3.1 Age and Interval Effects on Lexical Performance
The mixed-effects model analyses revealed that the age at first visit significantly predicted
BNT (p < 0.001), and Semantic Fluency performance (p=0.030) when adjusted for interval,
gender and education. That is, at a given point in time the older the participants, the lower the
mean level of accuracy on the BNT and Semantic Fluency task (Table 3).
Furthermore, adjusted for baseline age, gender and education, interval significantly and
negatively predicted BNT, Vocabulary, and Semantic Fluency scores and approached a
significant level on Phonemic Fluency performance (p = 0.071). This indicates that, within the
baseline age range of this study, subjects will tend to demonstrate a decline in BNT, Vocabulary,
and Semantic Fluency scores as they age. The results are summarized in Table 4.
3.2 Relationship Between Regional Brain Volumes and Lexical Performance Over Time
Results of the first and second step from the hierarchical regression analyses are
presented for each lexical task separately (BNT, Vocabulary test, Semantic- and PhonemicFluency tasks). As described in the Method section, the first step analysis results identified the
individual brain regions that significantly predicted accuracy on each language task adjusting for
the baseline age, education, gender, and interval between the visits as covariates. In the second
step analysis, these individually significant (and approaching significance level) regions from the
first step analysis were jointly entered as predictors while the predicted outcome and
covariates remained the same as in the first step analysis. Henceforth, “significant brain
region” means, a region whose gray matter volume changes were significantly correlated with
accuracy changes on a given lexical task.
25

Table 3. Baseline age (first visit) effect on each language task
(adjusted for education and gender)

Estimate

Standard
Error

DF

t value

F value

P value

BNT

-0.183

0.044

202

-4.16

17.28

<0.001***

Vocabulary

-0.125

0.095

197

-1.32

4.65

0.187

-0. 260

0.119

150

-2.19

4.79

0.030*

0.033

0.173

130

0.19

0.04

0.848

Semantic
Fluency
Phonemic
Fluency

( *p < .05. **p < .01. ***p < .001)

Table 4. Interval effect on each language task
(adjusted for age at first visit, education, and gender)

Estimate

Standard
Error

DF

t value

F value

P value

BNT

-0.122

0.044

202

-2.79

3.70

0.005**

Vocabulary

-0.185

0.086

197

-2.16

4.65

0.032*

-0.300

0.086

150

-3.50

12.26

<0.001***

-0.203

0.112

130

-1.82

3.33

0.071

Semantic
Fluency
Phonemic
Fluency

( *p < .05. **p < .01, *** p < .001 )
26

3.2.1 Brain regions associated with BNT performance over time
Generally, individual regions in the left temporal lobe and bilateral medial temporal lobes
were significantly associated with BNT. Specifically, the volumes of the left superior, inferior
and medial temporal (extended to temporo-occipital) lobes as well as regions in the right
medial temporal lobe were significantly and positively correlated with BNT accuracy. Further,
the volume of the left hemisphere’s pars orbitalis approached significance (p=.065).
When multiple brain regions were jointly considered, three combinations of brain
regions were identified as significant independent predictors of BNT accuracy; the combination
of right entorhinal cortex and (right or left) medial lingual gyrus, and the combination of the left
parahippocampal gyrus and left frontal pole. Overall, as the lower values of AIC and BIC indicate
the combination of entorhinal cortex and medial lingual gyrus shows better fit in comparison to
the combination of parahippocampal gyrus and the frontal pole. These results are presented in
Table 5 and Figure 1.
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Table 5. Brain regions for BNT performance over time
BNT
First step analysis (Individual brain region was a predictor)
Brain Region

Estimate

Standard Error

P value

R2

∆R2

R. entorhinal

0.744

0.193

<0.001

0.227

0.05

R. med. lingual

0.640

0.207

0.002

0.208

0.03

L. med. lingual

0.594

0.198

0.003

0.208

0.03

0.457

0.187

0.015

0.208

L. entorhinal

0.429

0.197

0.030

0.189

0.01

L. sup. temporal

0.478

0.220

0.031

0.188

0.01

L. inf. temporal

0.446

0.215

0.039

0.202

0.02

L. med.
parahippocampal

0.03

Second step analysis (Multiple brain regions jointly used as a set of predictors)
Brain Region

Estimate

Standard Error

P value

R. entorhinal &

0.635

0.197

0.001

R. med. lingual

0.478

0.210

0.023

R. entorhinal &

0.644

0.196

0.001

L. med. lingual

0.448

0.200

0.026

R2

∆R2

0.244

0.06

0.246

0.07

Set 1

Set 2
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Set 3
L. med. parahippocampal &
L. frontal pole

0.483

0.186

0.010
0.224

0.426

0.205

0.049

L. = left, R. = right, sup.= superior, med.= medial, inf.= inferior
(Significance was determined at p < .05)

Fit Statistics
Set 1

Set 2

Set 3

-2 Res Log Likelihood

1560.4

1560.7

1563.3

AIC (smaller is better)

1564.4

1564.7

1567.3

BIC (smaller is better)

1570.2

1570.5

1573.1
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0.04

Figure 1. Brain regions for BNT performance over time

1. R. entorhinal
2. R. med. Lingual
3. L. med. Lingual
4. L. med.
parahippocampal
5. L. entorhinal
6. L. sup. temporal
7. L. inf. Temporal
8. L. Frontal pole
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3.2.2 Brain regions whose volumes associated with Vocabulary test performance over
time
Individual brain region analysis in the first step showed that Vocabulary Test score was
mainly correlated with regions in bilateral temporal, parietal, and left frontal lobe. When these
brain regions were considered in combination, four task-related clusters emerged to predict the
performance changes on Vocabulary test score. In all four clusters, the regions in bilateral
temporal lobes were included. Other regions included in one or more clusters were the left
superior parietal and left superior frontal lobe. As the lower values of AIC and BIC indicate, the
clusters that included right entorhinal cortex showed better fit compared to those that included
left parahippocampal gyrus.
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Table 6. Brain regions for Vocabulary test performance over time
Vocabulary
First step analysis (Individual brain region was a predictor)
Standard

P value

R2

∆R2

0.394

0.002

0.283

0.02

-1.050

0.385

0.007

0.280

0.01

1.040

0.381

0.007

0.280

0.01

1.079

0.426

0.012

0.278

0.01

-1.033

0.434

0.018

0.281

0.02

0.829

0.399

0.039

0.276

0.01

R. supramarginal

-0.935

0.455

0.041

0.291

0.03

L. entorhinal

0.816

0.397

0.042

0.266

0.00

L. sup. frontal

-0.976

0.477

0.042

0.290

0.02

L. sup. parietal

-0.847

0.418

0.044

0.300

0.03

Brain Region

Estimate

R. entorhinal

1.234

R. temporal pole
L. med.
parahippocampal
R. med. lingual
L. sup. lateral
temporal
R. med.
parahippocampal

Error
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Second step analysis (Multiple brain regions jointly used as a set of predictors)
Brain Region

Estimate

Standard
Error

P value

R2

∆R2

0.369

0.10

0.356

0.09

0.318

0.05

Set 1
R. entorhinal &

1.178

0.392

0.003

R. temporal pole

-0.875

0.374

0.020

R. med. lingual

1.630

0.457

0.001

-1.291

0.470

0.007

-1.090

0.441

0.014

R. entorhinal &

1.198

0.397

0.003

R. temporal pole

-0.787

0.378

0.038

R. med. lingual

1.486

0.453

0.001

-1.323

0.478

0.006

-0.966

0.507

0.048

0.805

0.399

0.045

-1.708

0.462

0.001

1.395

0.477

0.004

L. sup.lateral
temporal
L. sup. parietal
Set 2

L. sup.lateral
temporal
L. sup. frontal
Set 3
L.med.
parahippocampal
L. sup.lateral
temporal
R. med. lingual
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Set 4
L.med.
parahippocampal
L. sup.lateral
temporal
R. temporal pole

1.130

0.3798

0.003

-1.057

0.4415

0.018

-0.838

0.3859

0.031

0.304

0.04

L. = left, R. = right, sup.= superior, med.= medial, mid.=middle, inf.= inferior
(Significance was determined at p < .05)

Fit Statistics
Set 1

Set 2

Set 3

Set 4

-2 Res Log Likelihood

1963.4

1965.5

1978.4

1982.6

AIC (smaller is better)

1967.4

1969.5

1982.4

1986.6

BIC (smaller is better)

1973.2

1975.3

1988.3

1992.5
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Figure 2. Brain regions for Vocabulary Test performance over time
1. R. temporal pole
2. R. entorhinal
3. R. med. Parahippocampal
4. R. med. lingual
5. R. supramarginal
6. L. entorhinal
7. L. med. parahippocampal
8. L. sup. lateral temporal
9. L. sup. frontal
10. L. sup. parietal
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1. R. temporal pole / 2. R. entorhinal / 4. R. med. Lingual / 7. L. med. Parahippocampal / 8. L. sup.
lateral temporal / 9. L. sup. Frontal / 10. L. sup. parietal
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3.2.3 Brain regions whose volumes associated with Semantic Fluency task performance
over time
For the Semantic Fluency task, mostly right hemispheric regions were significantly
correlated with the score: regions in the medial temporal lobe and precuneus. Also the rostral
middle frontal cortex approached significance level. The one region in the left hemisphere that
significantly correlated with the Semantic Fluency task score was the parahippocampal gyrus
(Table 7 and Figure 3). When regions were jointly analyzed, no one combination of significant
independent predictors was identified.
When the two sub-types of Semantic Fluency task were analyzed individually, the score
of the easy condition, Male names, correlated with the volume of regions in the right
hemisphere only (medial parietal, medial temporal and middle frontal). When regions were
computed together, three clusters emerged and the rostral middle frontal cortex was a
common region in all three sets. As the lower values of AIC and BIC indicate, the combination
of precuneus and parahippocamal gyrus shows better fit than other combinations (Table 8 and
Figure 4).
Compared to the easy condition’s dominant association with the right hemisphere, the
performance on the difficult condition, category of Footwear, was associated with regions in
both hemispheres: bilateral temporal lobes and the right pars opercularis. When multiple
regions were analyzed together, only two clusters in the left temporal lobe were significant.
The left planum polare was a common region in these two sets. Combination of the left planum
polare and one region in the left medial temporal lobe, either the entorhinal cortex or
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parahippocampal gyrus, was significantly associated with the score of the Footwear. These two
sets show similar fit to the model. (see Table 9 and Figure 5).
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Table 7. Brain regions for Semantic Fluency task performance over time
Semantic Fluency
First step analysis (Individual brain region was a predictor)
Brain Region
R. med.

Estimate

Standard
Error

P value

R2

∆R2

1.348

0.458

0.004

0.140

0.013

R. entorhinal

1.158

0.459

0.013

0.130

0.003

R. precuneus

1.345

0.564

0.018

0.145

0.018

R. med. Lingual

1.152

0.488

0.019

0.151

0.024

L. med parahippocampal

1.006

0.440

0.024

0.146

0.019

R. rostral mid. frontal

-1.068

0.600

0.077

0.131

0.004

parahippocampal

Second step analysis (Multiple brain regions jointly used as a set of predictors)
None
L. = left, R. = right, sup.= superior, med.= medial, mid.=middle, inf.= inferior
(Significance was determined at p < .05)
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Figure 3. Brain regions for Semantic Fluency task performance over time

1. R. entorhinal
2. R. med. parahippocampal
3. R. med. Lingual
4. R. precuneus
5. R. rostral mid. frontal
6. L. med parahippocampal
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Table 8. Brain regions for listing of Male name scores over time
Category: Male Names
First step analysis (Individual brain region was a predictor)
Brain Region

Estimate

Standard Error

P value

R2

∆R2

R. precuneus

1.114

0.437

0.012

0.104

0.02

0.838

0.359

0.021

0.108

0.02

R. sup. parietal

0.880

0.390

0.025

0.104

0.02

R. rostral mid. frontal

-0.990

0.452

0.030

0.105

0.02

R. entorhinal

0.773

0.359

0.033

0.097

0.01

R. med.
parahippocampal

Second step analysis (Multiple brain regions jointly used as a set of predictors)
Brain Region

Estimate

Standard Error

P value

0.449

0.001

R2

∆R2

0.144

0.06

0.152

0.06

0.119

0.03

Set 1
R. precuneus &
R. rostral mid. frontal

1.536
-1.482

0.467

0.002

R. rostral mid. frontal

-1.260

0.453

0.006

R. sup. parietal

0.902

0.398

0.025

R. med. parahippocampal

0.720

0.363

0.049

R. rostral mid. frontal

-1.082

0.450

0.018

R. entorhinal

0.845

0.357

0.019

Set 2

Set 3
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L. = left, R. = right, sup.= superior, med.= medial, mid.=middle, inf.= inferior
(Significance was determined at p < .05)

Fit Statistics
Set 1

Set 2

Set 3

-2 Res Log Likelihood

1608.3

1612.6

1614.7

AIC (smaller is better)

1612.3

1616.6

1618.7

BIC (smaller is better)

1618.1

1622.4

1624.5
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Figure 4. Brain regions for listing of Male name scores over time

1. R. precuneus
2. R. med. Parahippocam pal
3. R. entorhinal
4. R. sup. parietal
5. R. rostral mid. frontal
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Table 9. Brain regions for listing of Footwear name scores over time

Category: Footwear
First step analysis (Individual brain region was a predictor)
Brain Region

Estimate

Standard
Error

P value

R2

∆R2

L. planum polare

0.656

0.246

0.009

0.140

0.04

L. entorhinal

0.608

0.230

0.009

0.127

0.03

L. med. parahippocampal

0.557

0.220

0.012

0.124

0.03

R. med. lingual

0.552

0.242

0.024

0.135

0.04

R. pars opercularis

0.540

0.240

0.026

0.124

0.03

Second step analysis (Multiple brain regions jointly used as a set of predictors)
Brain Region

Estimate

Standard
Error

R2

∆R2

0.161

0.06

0.163

0.07

P value

Set1
L. planum polare
L. entorhinal

0.551

0.249

0.029

0.507

0.232

0.031

L. planum polare

0.577

0.247

0.021

L. med. parahippocampal

0.479

0.218

0.030

Set2

L. = left, R. = right, sup.= superior, med.= medial, mid.=middle, inf.= inferior
(Significance was determined at p < .05)
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Fit Statistics
Set1

Set2

-2 Res Log Likelihood

1379.6

1379.6

AIC (smaller is better)

1383.6

1383.6

BIC (smaller is better)

1389.4

1389.5
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Figure 5. Brain regions for listing of Footwear name scores over time

1. R. med. Lingual
2. R. pars opercularis
3. L. planum polare
4. L. entorhinal
5. L. med. parahippocampal
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3.2.4 Brain regions whose volumes associated with Phonemic Fluency task performance
over time
Phonemic Fluency task performance was correlated with the volume of diffuse regions in
the bilateral temporal, left frontal and parietal lobes. More specifically, the volumes of the
regions in the left hemisphere, the medial temporal (fusiform gyrus, hippocampus), inferior
frontal (pars opercularis and pars triangularis), and superior parietal cortices were significantly
related to the performance of the Phonemic Fluency task. In the right hemisphere, only regions
in the temporal lobe (planum polare, transverse superior temporal, paraphippocampal gyrus,
hippocampus, inferior temporal cortex) were significantly related to the performance. Like the
Semantic Fluency, when regions were jointly analyzed, no combination was significantly and
independently related to the Phonemic Fluency score (Table 10 and Figure 6).
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Table 10. Brain regions for Phonemic Fluency task performance over time
Phonemic Fluency
First step analysis (Individual brain region was a predictor)
Brain Region

Estimate

Standard
Error

P value

R2

∆R2

L. fusiform

-1.799

0.724

0.014

0.126

0.02

L. pars opercularis

-1.762

0.776

0.025

0.148

0.05

R. sup. planum polare

-1.483

0.688

0.033

0.127

0.03

R. hippocampus

-1.932

0.901

0.034

0.141

0.04

L. pars triangularis

-1.620

0.759

0.035

0.117

0.02

R. inf. temporal

-1.551

0.729

0.035

0.127

0.03

L. sup. parietal

-1.392

0.668

0.039

0.132

0.03

L. hippocampus

-1.653

0.812

0.044

0.129

0.03

R. transverse temporal

-1.435

0.728

0.051

0.143

0.04

-1.194

0.606

0.051

0.111

0.01

R. med.
parahippocampal

Second step analysis (Multiple brain regions jointly used as a set of predictors)
None
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Figure 6. Brain regions for Phonemic Fluency task performance over time

1. R. med. Parahippocampal
2. R. inf. temporal
3. R. sup. planum polare
4. R. transverse temporal
5. L. fusiform
6. L. pars triangularis
7. L. pars opercularis
8. L. sup. parietal
(hippocampus is not shown)
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3.2.5 Comparison of Significant Brain Regions
In order to find common and specific correlation patterns between regional brain
volumes and accuracy in the four different lexical tasks, significant regions of the first step and
second step analyses are listed in Tables 11 and 12.
In the first step analysis, none of the regions was commonly related to all four tasks.
However, the regions in the medial temporal lobe were involved in three lexical tasks (BNT,
Vocabulary test and Semantic Fluency task). These regions were the entorhinal cortex and
medial lingual gyrus in the right hemisphere and parahippocampal gyrus in the left hemisphere.
Also right parahippocampal gyrus was associated with the Vocabulary test and two types of
verbal fluency tasks. Other regions generally showed distinct association pattern with a specific
lexical task.
In the second step analysis, there was no combination of regions that was commonly
involved in all four lexical tasks. Only one combination, the entorhinal cortex and medial lingual
gyrus in the right hemisphere, was associated with both BNT and the Vocabulary test; other
combinations were specifically associated with each lexical task.
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Table 11. Comparison of significant brain regions for each lexical task performance – first step
analysis
BNT

Vocabulary

Semantic

Phonemic

test

Fluency

Fluency

R. planum polare

√

R. transverse temporal

√

R. temporal pole

√

√

R. entorhinal

√

√

√

√

√

R. med. parahippocampal
R. hippocampus

√
√

R. med. lingual

√

√

R. precuneus

√
√

R. inf. temporal

√

R. supramarginal

√

R. rostral mid. frontal

√ (.07)

L. sup. temporal

√

L. temporal_sup. lateral

√

L. entorhinal

√

√

L. med. parahippocampal

√

√

√

L. hippocampus

√

L. fusiform

√

L. med. lingual

√

L. sup. parietal

√

L. sup. frontal

√

L. frontal pole

√

√ (.06)

L. pars opercularis

√

L. pars triangularis

√

L. = left, R. = right, sup.= superior, med.= medial, mid.=middle, inf.= inferior
(Significance was determined at p < .05)
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Table 12. Comparison of significant brain clusters for each lexical task performance – second
step analysis

Verbal Fluency
BNT

Vocabulary test

Phonemic
Semantic Fluency

R. entorhinal &

None

R. temporal pole
R. med. lingual
R. entorhinal &
R. (L.) med. lingual

L. sup.lateral temporal

<Male names>
R. rostral mid. frontal &

plus

R. precuneus

each of these regions

------------------

L. sup. parietal

R. rostral mid. frontal

L. sup. frontal

R. sup. parietal &
R. med. parahippocampal
-----------------R. rostral mid. frontal

L. med.
L. med.
parahippocampal &
L. frontal pole

R. entorhinal

parahippocampal
L. sup.lateral temporal
plus

<Footwear>
L. planum polare &

each of these regions

L. entorhinal
------------------

R. med. lingual

L. planum polare &

R. temporal pole

L. med. parahippocampal
L. = left, R. = right, sup.= superior, med.= medial, mid.=middle, inf.= inferior
(Significance was determined at p < .05)
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Fluency

None

4. Discussion
Using neuroimaging data, and four different commonly-used language tasks for clinical
and research settings, this study examined the longitudinal relationship among age, lexical task
accuracies and regional brain volumes in clinically normal older adults. The choice of four
different language tasks allowed the observation of differential age effects and brain
association patterns. The Phonemic Fluency task was the least sensitive task for aging effect
within and between participants, whereas BNT and the Semantic Fluency task were the most
sensitive tasks showing an aging effect.
A novel approach, a two-step hierarchical linear regression was adopted in this study. It
allowed to locate not only individual brain regions, but also combinations of brain regions that
independently demonstrated an association with the accuracy on each language task. Brain
regions that proved to be individually related to the four different lexical tasks were bilaterally
and broadly distributed in frontal, parietal, and temporal lobes. The bilateral medial temporal
lobes showed overlapping involvement across lexical tasks (individually as well as a cluster) and
other regions were distinctively correlated with each lexical tasks. The present study, thus
pinpoints the sensitivity and specificity of lexical tasks as they relate to aging. It also reveals the
distributions of shared and distinct brain atrophy regions that contribute to decline in lexical
performance in older adults. Notable theoretical and clinical implications of these findings will
be discussed further and plans for further research will be made.
4.1 Aging Effects
Current findings reveal that even though four lexical tasks all measure either knowledge
of lexicon or retrieval of lexicon (or both), the effect of aging within and across participants is
53

differential. Baseline age negatively predicted accuracy on the BNT and Semantic Fluency task
when adjusted for intervals between visits, gender and education. The older the participants in
this study, the fewer accurate responses were produced. This reflects that age contributes
significantly to the between participants variation in the mean BNT score averaged over time
points of measurement. This result is in line with the large number of studies that have
reported an age effect on the BNT (e.g., Au et al., 1995; MacKay et al., 2002) and semantic
fluency task (e.g., Meinzer et al., 2009), but contrasts with the few studies that have found no
age-effect on these tasks (e.g., Beland & Lecours, 1990; Coffey et al., 2002; Flicker et al., 1987).
The present finding on the significant age-effect on Semantic Fluency performance but
non-significant effect on Phonemic Fluency performance is consistent with previous research
that found an age effect only on the semantic task (e.g., Crossley et al., 1997; Elgamal, Roy, &
Sharratt, 2011; Mathuranath et al., 2003; Meinzer et al., 2009; Tomer & Levin, 1993) but
somewhat different from studies that found the age effect on both fluency tasks when
compared to younger adults (Brickman et al., 2005; Tombaugh, Kozak, & Rees, 1999).
Nonetheless, even these studies reported a greater age-related decline in semantic fluency
compared to phonemic fluency. In sum, these findings clearly indicate that performance on
semantic fluency tasks is more adversely affected by aging than that on phonemic fluency task
in longitudinally healthy adults.
The differential aging effect across tasks might be related to the degree of constraint
imposed, or flexibility permitted by tasks. For example, in the vocabulary tests, participants can
describe the semantic properties of the target word with relatively flexible choice in lexicon.
During the test, even though normal aging participants might experience some word retrieval
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problems, they may still be able to manage by using alternative lexical items or by describing
different characteristics of the stimulus item.
Like vocabulary tests, phoneme fluency tasks have a high flexibility in choice of word
than BNT or semantic fluency tasks have. They do not require a specific matching between
phoneme and semantic information. Regardless of the meaning, participants are required to
produce words that begin with a certain letter. Thus, these tests can be relatively resistant to
failure of word retrieval. By contrast, semantic fluency tasks or picture naming tasks (e.g., BNT)
require greater restriction on the combination of semantic and phonemic information than
vocabulary tests or phonemic fluency tasks do. For instance, in the semantic category task, if
participants come up with an image of a monkey for the category of animals but cannot find
the correct name for it, they may try some other semantic neighbors, such as baboon,
chimpanzee, gorilla, orangutan, but they still retrieve a name of a primate, thus there is more
restriction on word choice than the phoneme category task that does not require restriction of
semantics at all. In a picture naming task, when participants see a picture of “asparagus”, they
have to retrieve the exact word for that picture without other possible answers. If participants
produce “vegetable” or other names, it would be considered a wrong answer. Thus, the
semantic fluency and picture naming tasks require both object-specific semantic information
and corresponding phoneme coordination, and this constraint of choice leaves less room to
compensate for word retrieval failure when it occurs. Therefore, picture naming (e.g., BNT) and
semantic fluency tasks are more sensitive to revealing word retrieval failures (breakdown), and
more vulnerable to decline with aging. It seems that aging affects the interwoven semantic and
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phonological structure, but affects individual phonological or semantic processes which are
tested by the phonemic fluency tasks or vocabulary tests to a lesser degree.
The effect of interval from the first visit was significant for the BNT, Vocabulary, and
Semantic Fluency task and almost significant for the Phonemic Fluency task. This result means
regardless of the starting age of participation, when education and gender are controlled for,
the longer the interval, the more decline in the performance on three tasks. As our elderly
participants got older, they produced fewer correct responses, and declined more on these
three lexicon-related tasks within normal ranges. The combination of age and interval effects
accounts for performance changes with aging. It is often suggested that language abilities are
generally preserved until later adulthood (e.g., Glisky, 2007; Schaie, 1994), however, this
longitudinal observation demonstrates that some lexical-related production abilities, even
including vocabulary, are clearly affected by normal aging and there is differential aging effect.
The more restriction on the semantic and phonemic target, the more accuracy decline is
observed. It seems that BNT and semantic fluency task are the most sensitive tasks to detect
performance decline in older adults in the pre-clinical stage. By contrast,, vocabulary tests and
phonemic fluency task may not be good diagnostic tools to detect early lexical performance
change.
4.2 Relationship Between Regional Brain Volumes and Lexical Performance Over Time
The brain areas that showed significant relationship with four different lexical tasks were
bilateral regions in frontal, parietal and temporal lobes; especially the medial temporal lobes
were prominently correlated with all tasks. This result supports the speculation that medial
temporal lobes are associated with retrieval of naming or lexical information in normal aging as
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in neurologic patients (e.g., Baldo, et al., 2013; DeLeon et al., 2007; Hillis et al., 2006) in that
naming performance is significantly related to the middle to posterior portion of the medial
temporal gyrus, although some of these studies only investigated the association with the left
hemisphere. It is also noteworthy that bilateral contribution of temporal lobes was evident for
all four tasks. This bihemispheric involvement will be discussed in section 4.2.5.
4.2.1 Brain regions whose volumes associated with BNT performance over time
Brain regions associated with BNT performance were distributed in the bilateral temporal
lobes (extending to the temporo-occipital area) and in the left frontal lobe. The analysis of
individual brain regions showed that the most significant regions for the BNT were the bilateral
entorhinal cortex and medial lingual gyrus along with the left superior and inferior temporal
cortex. When multiple brain regions were jointly analyzed, two distinctive structural regions
associated with the picture naming task were posited; One set is the pair of entorhinal cortex
and lingual gyrus (either right or left hemisphere); the second set is the pair of
parahippocampal gyrus and frontal pole in the left hemisphere.
The entorhinal cortex and parahippocampal gyrus are part of medial temporal lobe, and
the lingual gyrus is posterior to the parahippocampal gyrus and extended to the occipital lobe.
The areas in medial temporal lobes such as paraphippocampus, hippocampus and entorhinal
cortex have been rigorously studied in regard to the problem of episodic memory (e.g., de Leon
et al., 1995; Jack et al., 2010; Rodrigue et al., 2013). However, this brain region continuously has
also been linked with problems in encoding and retrieval of semantic information (e.g., Fairhall
& Caramazza, 2013; Gabrieli, Cohen, & Corkin, 1988; Whitney et al., 2011). The current study’s
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results highlight the prominent role of medial temporal lobes in lexical retrieval abilities in
picture naming.
Interestingly, the lingual gyrus has been considered as an area for processing visual
stimuli (including letters) and for encoding visual memories. Researchers have also reported its
involvement with semantic information processing in lexicon (e.g., Ghosh, Basu, Kumaran, &
Khushu, 2010; Xiao et al., 2005) and naming (Bookheimer et al., 1995; Howard et al., 1992).
The study findings suggest that semantic memory enhanced by visual memory of lexicon
consolidates the representation of lexicon and further promotes the performance on word
retrieval as in a picture naming task.
4.2.2 Brain regions whose volumes associated with Vocabulary Test performance over
time
As hypothesized, the Vocabulary test was involved with broadly distributed regions in the
brain: bilateral temporal, left parietal and frontal lobes. When regions were computed
together, the significance of the regions in temporal lobes and left superior temporal cortex
(lateral part) was still maintained along with the superior parietal or the superior frontal lobes.
As seen in previous studies with younger adults (e.g., Lee et al., 2007; Menary et al., 2013;
Richardson et al., 2010), the current study also confirmed the engagement of temporal and
parietal lobes in vocabulary knowledge, however our results showed the involvement of further
extended areas, including right temporal lobe and left frontal lobe in the aging population. The
most crucial clusters for the performance change on the vocabulary test are bilateral medial
temporal lobe and left superior temporal lobe.
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It is especially note-worthy that the volume of the right temporal pole (also called
anterior temporal lobe, ATL) was linked to the Vocabulary test score. A group of researchers
have claimed that the left temporal pole is a “hub” of semantic information of lexicon (e.g.,
Lambon Ralph, 2013; Lambon Ralph et al., 2010; Patterson et al., 2007; Pobric et al., 2010;
Rogers et al., 2004; Simmons & Martin, 2009; Tsapkini, Frangakis, & Hillis, 2011) or a region
connecting hubs of the language network (e.g., Hurley, Bonakdarpour, Wang, & Mesulam,
2015) based on its activation in semantic categorization, picture naming, and category fluency
tasks (e.g., Devlin et al., 2000; Bright et al., 2004; Rogers et al., 2006).
Unlike the studies that found the left temporal pole’s crucial role in semantic processing,
another group of studies with patients argued that the unilateral damage on left temporal pole
is not sufficient to cause significant semantic impairment, rather bilateral damage is required to
cause it. They stressed the bilateral role of this area in the processing during word retrieval and
assessing semantic information (e.g., Gesierich et al., 2012; Lambon-Ralph et al., 2010; Tsapkini,
Frangakis, & Hillis, 2011). For example, in Tsapkini, Frangakis, and Hillis (2011)’s study, patients
with bilateral anterior temporal damage exhibited significant semantic deficit, whereas patients
with only left side damage did not show a significant deficit. Further, Gesierich et al., (2012)
found the bilateral activation of temporal pole in processing of semantic information regardless
of whether participants were able to retrieve the name or not.
In the current study, the right temporal pole was related to the performance of both BNT
and the Vocabulary test. Although this area is not traditionally considered to be part of lexiconrelated region, this finding cautiously suggests the possibility that atrophy of the right
hemisphere’s temporal pole might be sensitive to detect the performance decline on the
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abilities of lexical retrieval and definition when the left hemisphere’s temporal pole volume
change is not apparent in normal healthy adults.
4.2.3 Brain regions whose volumes associated with Verbal Fluency Tasks performance
over time
For the Semantic Fluency task, looking at a combination of the Footwear and Male
names, most of the significant regions were distributed in the right hemisphere, the medial
temporal, parietal lobe (precuneus), and rostral mid frontal gyrus. The medial lingual gyrus was
the only significant region in the left hemisphere. This right hemisphere dominant result is
consistent with Ahn et al. (2011)’s study but different from previous studies that reported left
dominance (e.g., Zhang et al., 2013). The fact that none of the combinations was significant
when regions were jointly analyzed suggests that the volumes of these regions are highly
correlated with each other.
Recall that there were two sub-types of Semantic Fluency task; one was Male names and
the other was Footwear. When Male names and Footwear were analyzed separately, different
brain involvement patterns between these two tasks emerged. For the easy condition, Male
names, all significant regions were in the right hemisphere; rostral mid frontal, superior and
medial parietal lobe (precuneus), and medial temporal gyrus. When the regions were jointly
analyzed, there were three significant combinations, and the rostral middle frontal cortex was a
common region among these three combinations. Considering that semantic fluency tasks
measure verbal ability and executive control (e.g., Shao, Janse, Visser, & Meyer, 2014) and
executive control ability has been linked to the volume of prefrontal cortex, it is not surprising
that the rostral middle frontal cortex emerged as a crucial region, however, it needs more
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clarification why this region was only involved with the Male names and not with the Footwear.
It may reflect that in this easier task, more inhibition ability to suppress other competing
exemplar is needed than in the more difficult task, category of Footwear, which requires more
effortful searching ability.
For the names of Footwear, the more difficult condition in that participants produced
fewer exemplars than they did with Male names, regions in the left temporal, right inferior
frontal and right lingual gyrus were involved. When the regions were analyzed together, only
the regions in the left hemisphere, the combinations of left planum polare with entorhinal
cortex, or with medial parahippocampal gyrus, were significant.
These two semantic sub-tasks both require participants to elicit the names in a certain
semantic category, but between these two tasks, there are differences on their semantic
characteristics, strategies of retrieving, and level of difficulty (task demand). Thus, the findings
of both similar and different brain association patterns between these two sub-tasks are
reasonable. The medial temporal gyrus was associated with both sub-tasks of semantic fluency,
but there were no other regions significantly involved with both tasks.
Related to the Phonemic Fluency task, left frontal, parietal and bilateral temporal lobes
were involved, especially with the bilateral hippocampus. Like the Semantic Fluency task, when
these regions were jointly analyzed, none of the combinations was significant. Among the
individual significant regions, the most significant region was the left fusiform gyrus, and it was
only associated with the Phonemic Fluency task in this study. The fusiform gyrus is commonly
known as the visual word form area (e.g., Bouhali et al., 2014; Dehaene & Cohen, 2011) and
the abnormal activation pattern in this area has been associated with reading disorders (e.g.,
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Elnakib et al., 2014). As with previous studies (e.g., Birn et al., 2010), the correlation between
phonemic fluency and the fusiform gyrus is noteworthy.
The brain involvement pattern difference between Semantic and Phonemic Fluency tasks
was highly distinctive. The Semantic Fluency task showed a right hemispheric dominant
pattern, whereas the Phonemic Fluency task was left hemisphere dominant. For both tasks,
temporal, frontal and parietal lobes were involved but their association patterns were different.
For example, in the frontal lobes, the Semantic Fluency task was correlated with the right
middle part of the frontal lobe (dorsolateral prefrontal) but the Phonemic Fluency task was
involved with the left inferior part of the frontal lobe (Broca’s area). In the parietal lobes,
Semantic Fluency was correlated with the medial part (right precuneus), while Phonemic
Fluency was associated with the superior parietal lobe. In the temporal lobes, both tasks were
involved with the right medial parahippocampal gyrus only, but there was no overlap in other
regions between these two verbal fluency tasks. These results again indicate differential brain
association patterns between Semantic Fluency and Phonemic Fluency tasks, as it has been
indicated between the two subcategories of Semantic Fluency task, namely male names and
footwear.
4.2.4 Common and Distinctive Brain regions whose volumes associated with lexical task
performance over time
In this study, none of the regional volume correlated with performance of all four lexical
tasks. However, setting aside the Phonemic Fluency task, the volumes of three regions in the
medial temporal lobes extended to occipital lobe, more specifically, the right entorhinal cortex,
the right medial lingual, and the left medial parahippocampal gyrus were commonly involved
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with the performance on three tasks, the BNT, Vocabulary test and Semantic Fluency task.
Additionally, the right medial parahippocampal gyrus was involved with the Vocabulary Test, as
well as the Semantic and Phonemic Fluency tasks. With the exception of these regions in
medial temporal lobe, other brain regions showed a distinctive association pattern with each
lexical task.
The common involvement of the parahippocampal gyrus is consistent with a previous
study conducted by Zhang at al. (2013). In that study, the left medial parahippocampal gyrus
was correlated with both the BNT and Semantic Fluency task (the vocabulary test was not
conducted). While the entorhinal cortex was correlated with three tasks in the current study,
Zhang et al. found a significant association among the hippocampus, BNT and Semantic Fluency
task. This discrepancy could result from the differences in the study design (cross-sectional vs.
longitudinal), in the method to measure the brain volumes, or in the participants’ age. Zhang et
al’s study consisted of older adults (age range 70-90, mean78.3 ± 4.8) as compared with the
current study (age range 65-92, mean 73.6 ± 5.5- as a whole group). The entorhinal cortex,
located next to the hippocampus and connected to both the hippocampus and the neocortex, is
considered to be a hub of the memory retrieval network (e.g., Burwell, 2000; Canto,
Wouterlood, & Witter, 2008; van Strien, Cappaert, & Witter, 2009). Studies of brain aging have
reported earlier atrophy in the entorhinal cortex than in the hippocampus, and with severe
atrophy in both of these areas as an index of dementia. Considering that previous longitudinal
studies have found that brain volume loss occurred years before clinical decline (e.g., Jack, et
al., 2005), or that amyloid deposits develop early in the medial temporal lobes (e.g., Braak &
Braak, 1997), there is a possibility that those participants in this study showing greater volume
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reduction in the entorhinal cortex may be early in the course of dementia as suggested by
Sperling et al. (2011).
Based on this common involvement, it appears that medial temporal lobes are the most
sensitive area predicting lexical performance changes occurring with aging. Generally this area
has been known as storage for declarative memory including semantic information, but it
seems that it additionally plays a central role for lexical access and retrieval which interface
with semantic knowledge.
Regarding the common engagement of medial temporal lobes with multiple lexical tasks,
someone might interpret this result from a dedifferentiation viewpoint (e.g., Goh, 2011; Logan
et al., 2002; Steffener et al., 2014) that argues as we get older, our brain loses a specialized
neural mechanism for a given cognitive domain to compensate for an inefficient processing
function. In the absence of a younger control group, it is not possible to directly compare the
results from this study to patterns in younger adults. Nonetheless, considering previous studies
that have reported brain involvement for these regions with younger participants, it is not likely
that the aging brain exhibits clear dedifferentiated brain involvement within lexical tasks.
Rather, the robustness of only some regions, like the medial temporal lobes, is highly correlated
with general lexical task performance, thus those regions have intrinsically low specificity that
can distinguish the differential role among lexical tasks regardless of age. The argument against
the dedifferentiation view becomes clearer when we compare the brain involvement patterns
in the two different verbal fluency tasks employed in the current study. The medial
parahippocampal gyrus in the right hemisphere was the only region that commonly correlated
with those two tasks; other areas showed a distinctive pattern.
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In sum, the regions in the medial temporal lobes have shared association with lexical
tasks that require word retrieval and/or definition. Other areas exhibit a distinctive correlation
pattern with each task. Thus, there are general and specific, or shared and distinct brain
association patterns that predict performance decline on lexical tasks. The medial temporal
lobes have been vigorously investigated vis-à-vis memory tasks but this study strongly suggests
that this region should also be considered as part of a lexicon related center in normal adults.
The involvement of medial temporal lobes might suggest the presence of shared regional
contribution to memory and language performance decline. Further investigations are required
to understand the brain atrophy distribution that resulted from biological pathologies.
4.2.5 Lateralization of brain association patterns and direction of correlation
In this study, a bilateral brain association was observed in all tasks, but the level of
hemispheric asymmetry differed depending on the task. The Vocabulary test and the Phonemic
Fluency task showed a relatively balanced association with both left and right hemispheres.
The BNT was correlated with more regions in the left hemisphere, whereas the combination of
Male names and Footwear in the Semantic Fluency task was associated with more regions in
the right hemisphere. When the sub-tasks of Semantic Fluency were separately analyzed, the
more difficult condition, i.e., Footwear, was more involved with regions in the left hemisphere;
the easier condition, i.e., Male names, was associated with regions in the right hemisphere.
These findings may suggest that robustness of left hemispheric involvement for difficult lexical
tasks. In the less difficult tasks, right hemisphere may play a compensatory role, however, there
is a limitation of this supplementary role to execute difficult tasks.
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This less dominant, or reduced hemispheric specialization of brain involvement has been
reported to be a compensatory mechanism to alleviate declining cognitive ability (HAROLD and
STAC). A variety of functional- and structural imaging studies have reported that the brain
regions that correlate with language performance in older adults are less asymmetric than the
pattern found for younger adults who show leftward asymmetrical brain involvement in
semantic and phonological tasks (e.g., Apostolova et al., 2008; Josse et al., 2009; Springer et al.,
1999; Kemmotsu et al., 2012; Teipel et al., 2006; Zhang et al., 2013). The findings of the current
study tie to the existing views of HAROLD (Cabeza, 2002) and STAC (Reuter-Lorenz & Park,
2014) providing longitudinal evidence of the bilateral brain atrophy linked to performance
decline on four different lexical tasks. Despite the fact that this study does not illustrate how
precisely the brain association patterns of older brains would differ from those of younger
adults, it stresses the importance of right hemispheric participation in lexical tasks among older
participants. Bihemispheric involvement has also been reported in learning and processing of
second languages (e.g., Albert, & Obler, 1978; Hanna, Shtyrov, Williams, & Pulvermüller, 2016;
Xiang et al., 2015) and aphasia treatment studies (e.g., Crosson et al., 2005; Kiran et al., 2015;
Mohr et al., 2014). This abundant evidence, combined with the results of the current study
confirms a critical role of right hemisphere in learning, storage and retrieval of language that
has been underemphasized.
Regarding the direction of relationship between brain volume and lexical task
performance, generally there was a positive correlation, as predicted. This means regional
atrophy was correlated with poor performance. However, a negative correlation was also
found between some brain regions and either the Vocabulary Test or the Phonemic Fluency
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task in that brain volume reduction was related to better performance on language tasks. This
result might be surprising because we generally assume that bigger brain volume predicts
better performance on a given task. However, this negative relation was only found in the
language tasks that did not show a decline with aging. In the Vocabulary Test and the Phonemic
Fluency task, many participants showed similar or better behavioral performance as they were
repeatedly tested, perhaps due to a practice effect, even though their brain size was
progressively reduced by aging. This pattern has also been observed in other aging brain studies
(e.g., Roehrich-Gascon, Small, & Tremblay, 2015; Sequeira et al., 2013; Squarzoni, 2012).
4.3 Limitations
These findings, however, should be interpreted with caution due to limitations of this
study. First, this study does not include younger participants or patients with dementia,
because the focus was longitudinal changes of brain and lexical performance on normal older
participants. It is, thus, not clear whether younger participants or patients with dementia would
show similar association patterns between brain structure and lexical performance. Second,
the statistical significance levels were not corrected for multiple comparisons. This approach
was employed to find any detectable relationship, so careful interpretation is needed.
Also, regarding the use of variable selection procedures, the multiple brain region
analysis should be considered exploratory. The multivariable models that were applied here
can be interpreted in terms of what they imply about the brain mechanism underlying lexical
retrieval but should only be regarded as providing hypotheses to be tested using independent
data.
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4.4 Future investigations
Further analysis of the current data will investigate whether changes in lexical
performance or in regional brain volumes exhibit a non-linear association with aging (e.g.,
accelerate with advanced age). The rates of performance decline or atrophy might vary across
the adult life span and this information may serve prognostic purposes.
Moreover, interactions between brain volumes and key cofactors such as education in
terms of their association with performance on the lexical tasks will be examined. An emerging
but controversial theory suggests that higher education level has a protective effect against
cognitive function decline in older age (Katzman et al., 1988; Stern, 2009; Stern et al., 1994;
Tucker & Stern, 2011). Testing specific interactions would address issues such as whether a
higher level of education moderates the influence of brain atrophy on cognitive performance or
whether the dependence of cognitive performance on brain atrophy strengthens with
advancing age.
As discussed above, the current findings of the relationship between regional brain
volume and lexical performance might differ in younger adults or patients with dementia.
Examination of another set of participants will provide clearer understanding of neurobiological
mechanism of lexical retrieval performance.
4.5 Conclusion
The findings of this study both replicate and extend previous literature by providing more
detailed information on longitudinal changes in brain and several language tasks. There is a
general decline of verbal production ability in normal aging related to retrieval of lexical items
or definition of them. However, decline rate varies across different lexical tasks in that a greater
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rate of decline was found with tasks requiring both semantic and phonemic retrieval abilities
compared to tasks requiring only semantic or phonemic information retrieval.
Regarding brain involvement with lexical tasks, bilateral brain association was evident on
all four different lexical tasks and the regions that have not traditionally thought to associate
with lexical task were also found to play an important role. In both individual brain region
analysis and multiple regions analysis, some brain regions were significantly associated with
multiple tasks and other regions were specifically associated with each task. These results
suggest the dual engagement of the brain association patterns: the changes of both taskcommon and task-specific brain regions interact with performance decline on lexical tasks in
cognitively healthy older adults without dementia. Considering that medial temporal lobes
were shared regions for multiple lexical tasks, the medial temporal lobes should be taken into
account as part of the lexicon network in healthy elderly.
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Appendix: Regions of Interest

Total cerebral cortex

Superior temporal gyrus

Each hemispheric cortex

Planum polare

Superior frontal gyrus

Planum temporale

Middle frontal gryus

Middle temporal gyrus

Pars opercularis

Inferior temporal gyrus

Pars orbitalis

Temporal pole

Pars triangularis

Medial lingual gyrus

Frontal pole

Medial parahippocampal gyrus

Superior parietal gyrus

Entorhinal

Supramarginal gyrus

Precuneus

Angular gyrus

Hippocampus

Inferior parietal gyrus
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